Porous SiC ceramics were prepared at 19002000°C without holding time at 50200°C/min under a pressure of 15 MPa in Ar with Al 2 O 3 , Y 2 O 3 , and AlN additives by spark plasma sintering. The effects of heating rate, heating temperature, and sintering additive on the porosity, pore size, microstructure, and flexural strength of the porous SiC ceramics were investigated. As the heating rate increased, the size of SiC grains in the samples decreased, the porosity increased, and the flexural strength decreased. The strength of the samples increased with an increase in heating temperature. The growth of SiC grains was suppressed in the sample prepared at 1950°C, and the sample had both high porosity (42%) and high strength (95 MPa). In the samples prepared with AlNY 2 O 3 and AlNAl 2 O 3 additives at 1950°C the porosities were 3239%. The addition of AlN to Y 2 O 3 and Al 2 O 3 additives resulted in the inhibition of grain growth and a decrease in the pore size of the samples. The maximum strength was 167 MPa in the prepared porous SiC ceramics.
Introduction
Porous SiC ceramics are suitable for applications such as filters for high-temperature gases or molten metal, catalyst supports and combustion burners with high efficiency, and heat exchangers because of their low density, high-temperature stability, good corrosion resistance, high thermal shock resistance and low thermal expansion coefficient. Many techniques, such as partial sintering, 1) ,2) templating, 3),4) reaction bonding, 5),6) gel casting, 7) gelation-freezing method, 8) and in-situ reaction synthesis, 9), 10) have been developed for fabricating porous SiC ceramics. Among these techniques, the partial sintering is a one-step process for fabrication of porous ceramics using the space formed by necking between the grains. However, it is difficult to control densification of the grains for formation of the pores. Furthermore, porous SiC ceramics are required to have smaller pore size and higher mechanical strength for use as filters, catalyst supports, and gas separation membrane at high temperature. Thus, it is important for the fabrication of porous SiC ceramics to select optimum conditions such as temperature, holding time, and the kind and amount of additives. The spark plasma sintering (SPS) technique can be used to heat samples rapidly because the pulsed direct current used can pass through the graphite die, punch rods, and the samples. 11) This causes the neck formation between the grains to be accelerated compared to the other sintering techniques. Additionally, the rapid heating could facilitate the densification due to inhibition of grain growth. We have reported on the densification of the nanoand micron-sized SiC powders and the microstructure of the SiC bodies prepared with various sintering additives such as Al 2 O 3 , Y 2 O 3 and AlN by SPS. 12)14) Using the SPS technique with AlN as an additive was shown to suppress the growth of the SiC grains in the fully dense SiC bodies. The use of the SPS technique is expected to yield porous SiC ceramics with high strength due to the promotion of neck formation between the SiC grains with inhibitied grain growth. Furthermore, fine pores could be formed by using nanosized SiC powder as a starting material, due to the neck formation between the nanosized grains. Porous alumina ceramics were fabricated using SPS technique, and enhanced necking between the grains was observed along with high mechanical strength.
15)17)
In the present work, porous SiC ceramics were prepared with sintering additives from nanosized SiC powder by SPS in order to form fine pores in the porous SiC ceramics, and the effects of heating rate, heating temperature, and sintering additives on porosity, pore size, microstructure, and flexural strength of the porous SiC ceramics were examined.
Experimental procedure
Nanosized ¢-SiC powder (Sumitomo Osaka Cement Co. Ltd., free carbon content: 3.8 mass %, oxygen content: 0.9 mass %) was burned at 700°C in air to remove the free carbon. The powder was treated with HF aqueous solution to eliminate the surface oxide of the SiC particles formed during the heat treatment. The free carbon content of the powder reduced to less than 0.1 mass % and the oxygen content was 1.3 mass %. The average size of the particles was 40 nm (number mean diameter by SEM observation). The following sintering additives were used: ¡-Al 2 O 3 (Sumitomo Chemical Co. Ltd., particle size: 0.3¯m), Y 2 O 3 (Shin-Etsu Chemical Co. Ltd., particle size: 0.3¯m), and AlN (Dow Chemical Co., particle size: 1.1¯m). The starting powders were mixed with an agate mortar and a small amount of ethanol. The slurry was dried and then passed through a sieve. The powder mixture was pressed uniaxially at 50 MPa, and then cold isostatically pressed at 300 MPa into green compacts. The porosities of all of the green compacts were uniform at around 50%. These green compacts were heated at 1750°C for a holding time of 30 min and subsequently heated at 19002000°C without holding time under a pressure of 15 MPa at heating rates of 50200°C/min in Ar atmosphere by using SPS (SPS-515S, SPS Syntex Inc.). The bulk density of the samples was measured by the Archimedes method and converted to the porosity of the samples. The crystalline phases were studied using X-ray diffractometry (XRD; MiniFlex, Rigaku Co.) with Cu K¡ radiation. The surfaces of the fractured samples were observed by scanning electron microscopy (SEM; S-5200, JEOL Ltd.). The pore-size distributions of the samples were evaluated using a mercury porosimeter. The flexural strength was measured by a three-point bending method on a sample size of 2 mm © 2 mm © 15 mm at room temperature. Figure 1 shows the porosity and flexural strength and Fig. 2 shows the SEM micrographs for the samples prepared at 1900°C without holding time at heating rates of 50250°C/min with 1 mass % Al 2 O 3 additive. The porosity increased from 30 to 38% as the heating rate increased from 50 to 250°C/min. The size of the SiC grains decreased with the increasing heating rate. This could be attributed to whole heating times at different heating rates of 50250°C/min. In the sample obtained at 50°C/min, the grain growth was remarkable. SiC grains of inhomogeneous size and neck formation between the grains were observed in all the samples. The flexural strength decreased with the increase in heating rate. An increase in porosity degrades the strength of many kinds of ceramics.
Results and discussion

Effect of heating rate
18)20) Thus, the decrease in strength is due to an increase in porosity caused by an increase in heating rate. Only 3C-SiC phase was identified in all of the samples.
Effect of heating temperature
In order to inhibit the inhomogeneous growth of SiC grains, preliminary heating was performed at 1750°C near the eutectic temperature of a SiO 2 Al 2 O 3 system to generate uniformly a liquid phase, and the samples were subsequently heated to 1900 2000°C to prepare the porous SiC ceramics. Figures 3 and 4 show the porosity and flexural strength, and the SEM micrographs of the samples prepared at 1750°C for 30 min and at heating temperatures of 19002000°C without holding time at 100°C/min with 1 mass % Al 2 O 3 additive, respectively. The porosity of the samples prepared at 1900 and 1950°C was approximately 42%, which was similar to that of the samples prepared by the preliminary heating at 1750°C for 30 min. The grain size of the samples prepared at 1950°C was almost the same as that at 1900°C. At a heating temperature of 2000°C, the porosity decreased to 29%, and grain growth and sintering progression were clearly observed. The flexural strength of the samples increased with an increase in heating temperature. The strength of the samples obtained at 1950°C was higher than that at 1900°C, although both samples had almost the same porosity. This may be due to the progression of neck formation and the increase in contact area between the SiC grains in the neck formation with increasing heating temperature. As the heating temperature increased to 2000°C, the strength reached 150 MPa. The crystalline phase was 3C-SiC in all the samples. Figures 5 and 6 show the porosity and flexural strength, and the SEM micrographs of the samples prepared with a total amount of 1 mass % additives consisting of different compositions of AlN and Y 2 O 3 at 1750°C for 30 min and at 1950°C without holding time at 100°C/min, respectively. The samples had almost the same porosity of 3438% regardless of the additive compositions. The grain size decreased with increasing AlN content. This result was similar to the results on fully dense SiC ceramics fabricated with AlNY 2 O 3 additives. 13 ), 14) On the other hand, the grain size in the sample containing 100 mol % AlN additive was larger than that containing 95 mol % AlN additive. The viscosity of a liquid phase formed from SiCAlN Y 2 O 3 would be increased by the generation of a nitrogencontaining liquid phase derived from an AlN additive, resulting in the inhibition of grain growth. On the other hand, when only AlN is used as sintering additive, the content of a liquid phase generated from the additive significantly decreases, resulting in inhibition of the densification of SiC. Hence, in the case of the 100 mol % AlN additive, the grain growth would occur by mainly surface-diffusion or evaporation-condensation because the total amount of oxide derived from the additives was low. The formation of a neck between the SiC grains was observed in all the samples. The strength of the samples prepared with AlN Y 2 O 3 additives was higher than that prepared with a 100 mol % AlN additive. This can be attributed to the promotion of neck formation between the SiC grains, caused by the generation of a large amount of a liquid phase from Y 2 O 3 added to AlN. The strength of the sample prepared with a 0 mol % AlN additive was higher compared to that of the other samples, because the surface area of the necks between the SiC grains in the sample prepared with only Y 2 O 3 additive was larger due to the larger size of the SiC grains. 2H, 4H, and 6H phases were detected in addition to 3C-SiC as the main phase in the sample prepared with only AlN and AlNY 2 O 3 additives, suggesting that a phase transformation of 3C-SiC occurred. Figures 7 and 8 show the porosity and flexural strength, and the SEM micrographs of the samples prepared with total amount of 1 mass % additives consisting of different compositions of AlN and Al 2 O 3 at 1750°C for 30 min and at 1950°C without holding time at 100°C/min, respectively. The porosity of the samples prepared at all the additive compositions were comparable, around 3239%. The grain size of the samples prepared with 10 and 50 mol % AlN additives was smaller than that with 0 mol % AlN. Furthermore, the grain size of the samples prepared with 90 and 100 mol % AlN additives was larger than that prepared with 0 mol % AlN. These results would be caused by the insufficient inhibition of grain growth due to the formation of a nitrogencontaining liquid phase, which happens because the total amount of oxide derived from the additives was low, as in the case of AlNY 2 O 3 additives. The flexural strength of the sample prepared with 90 mol % AlN additive was significantly higher (167 MPa) than that of the samples prepared with the other additive compositions. This would be due to strong bonding of the necks formed between the SiC grains by adding a small amount of Al 2 O 3 to AlN. The crystalline phases appearing in the samples prepared with AlNAl 2 O 3 additives were 3C-SiC, 2H, 4H and 6H, which was the same as those with AlNY 2 O 3 additives.
Effect of sintering additives
Grain growth was suppressed by the addition of AlN in both the AlNY 2 O 3 and AlNAl 2 O 3 additives. The grain size of the samples prepared with AlNY 2 O 3 additives was larger compared to those prepared with AlNAl 2 O 3 additives. In the case of AlN Y 2 O 3 additives, the oxide is a ternary system for SiO 2 Al 2 O 3 Y 2 O 3 and the eutectic temperature is approximately 1400°C. 21) In the case of AlNAl 2 O 3 additives, on the other hand, the oxide is a binary system for SiO 2 Figure 9 shows the pore-size distributions of the samples prepared with a total amount of 1 mass 
